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ABSTRACT 
It is demonstrated that explanation of appearance of strong forbidden lines in the 
SEHR spectra of pyrazine and phenazine, caused by totally symmetric vibrations and also 
other details of their SER and SEHR spectra can be made on the base of the dipole-
quadrupole theory. The main point of this theory is conception of a strong quadrupole light 
molecule interaction, arising in surface fields strongly varying in space near a rough metal 
surface. Existence of the pointed lines is a good corroboration of existence of the strong 
quadrupole light-molecule interaction.   
 
 
In accordance with main principles of theoretical physics, interaction of light with 
molecules is determined by light molecule interaction Hamiltonian, which has the following 
form 
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where summation is made over all i  electrons. iA  is a vector potential at the place of the i  
electron. All other designations are conventional. For small objects like molecules, the 
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expression (1) can be transformed and neglecting by the magneto-dipole interaction the final 
expression for (1) has the form 
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where E  is the amplitude of the electric field in the gravity centre of the molecule, 
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is an α  component of a generalized coefficient of interaction of light with electrons 
(molecule), e  is a polarization vector, αd  and αβQ  are the α  component of the dipole 
moment vector and the αβ  component of the quadrupole moments tensor of electrons. As it 
is demonstrated in [1, 2] both terms in (3) strongly increase near prominent places with a large 
curvature, which exist near a rough metal surface. This increase is associated with singular 
behavior of a diffracted electromagnetic field near such model of roughness as a cone or with 
a rod effect. 
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Here 
volinc
E  is an amplitude of the incident electric field in a free space, 10 ~C  is a 
numerical coefficient, 1l  is a characteristic size of the cone (the size of the base or the height), 
'
r  is the length of the radius vector from the top of the cone, 10 << β . As it can be seen 
from (4) there is a very large increase of the component of the electric field, which is 
perpendicular to the surface, while the tangential components are small because of screening 
of the field by conductivity electrons. 
Taking into account (3) the expression (2) can be presented as 
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where dH
)
 contains only the dipole terms, while QˆH
)
 contains the quadrupole terms. The 
enhancement of the dipole and quadrupole light-molecule interactions in (2, 5) is associated 
with the increase of the dipole terms and quadrupole terms with βα = . For the model 
roughness as a finite cone the enhancement coefficients dHG  and QHG  near the top of the 
cone, which are the relations of the corresponding terms of the Hamiltonian (5) to the 
Hamiltonian in a free space can be estimated as 
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where a  is a size of the molecule. Peculiarity of QHG  is appearance of the coefficients  
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which are the relations of some mean values of the matrix elements of the quadrupole 
moments ααQ  and the dipole moments αd  and arise due to peculiarities of quadrupole 
transitions via the ααQ  quadrupole moments, which are the values with a constant sign. As it 
was demonstrated in [1, 2] these coefficients are large and their estimations for the molecules 
like pyridine, benzene and pyrazine give the value ~ 2102× . This value depends on the size of 
the molecule and is larger for larger molecules. As it can be seen from (6, 7) there is a strong 
enhancement of both interactions in the points, which are close to the top of the cone )~r( ' 0  
and a strong decrease at larger distances. For example for reasonable values of the parameters 
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1~0C , 10~1l nm, 1~r
' nm, 1~β  and 2102~ ×ααB  the enhancement of the dipole 
interaction ~10 , while the enhancement of the quadrupole interaction ~ 210 . However for 
some limited situation and the values of the parameters 1~0C , 
2102~ ×ααB , nm.~r
' 10  
, 1~β , nml 100~1  that corresponds to the placement of the molecule on the top of the cone 
(tip or spike) the enhancement coefficient 310~dHG , while 
510~QHG . Since SERS and 
SEHRS are the processes of the second and the third orders respectively the estimation of the 
enhancement coefficients for the dipole and quadrupole enhancement mechanisms are   
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where 2=n  and 3=n  for SERS and SEHRS respectively. Their numerical estimation for 
the limited case gives 1210  and 2010  for SERS and 1810  and 3010  for SEHRS respectively. 
One should note that these estimations are very crude. However they can give an idea about 
mechanism and huge enhancement of these processes. In addition we should point out that 
analogous estimation was done for the crystal violet molecule in SERS in the single molecule 
regime [3] that gives the enhancement coefficient in SERS 161061 ×.~ . This estimation is 
huge, but significantly less, than the above one. The estimation 2010  can be raised too high, 
because of the some limited case with a very difficult realization. 
 On Figures 1 and 2 we present the distance dependence of the relative enhancement in 
SERS and SEHRS normalized to the maximum enhancement ( max,/ QQ GG and 
)/ max,dd GG  for the pure dipole and pure quadrupole scattering mechanisms for the cone  
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Figure 1 The distance dependence of the relative enhancements max,/ QQ GG and 
              max,/ dd GG for SERS for the pure dipole and quadrupole scattering mechanisms. 
              Curves 1,2 –the dependences for the quadrupole mechanism for 1=τ  and 
              2/1=τ  respectively, curves 3,4 –the dependences for the dipole mechanism for 
              1=τ  and 2/1=τ . 
 
 
 
 
 
 
 
 
 
Figure 2 The distance dependence of the relative enhancement max,/ QQ GG and 
              max,/ dd GG for SEHRS for the pure dipole and quadrupole scattering mechanisms. 
               Curves 1,2 –the dependences for the quadrupole mechanism for 1=τ  and 
               2/1=τ  respectively, curves 3,4 –the dependences for the dipole mechanism for 
               1=τ  and 2/1=τ . 
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type roughness. One  on the x axis corresponds to a half of the height of adsorbed molecule, 
or the coordinate of the first monolayer. 3 corresponds to the coordinate of the second 
monolayer when the molecules are oriented in the same manner.  
It can be seen that the enhancement in both processes decreases very strongly with the 
distance from the top of the cone. In fact the maximum enhancement arises in the first layer, 
while in the second layer it decreases on orders of magnitude. We pointed out on this behavior 
earlier [4,5] and it is in a good qualitative agreement with the experimental distance 
dependence for SERS obtained in [6] (see Figure 3). 
 
 
 
 
 
 
 
 
 
 
Figure 3 Experimental distance dependence for the enhancement 
 In addition this decrease is significantly stronger for SERHS than for SERS, because 
SEHRS is the process of larger order. In fact we see the so called first layer effect, which is 
well known in SERS. It should be noted, that this effect gave rise to the so called charge 
transfer, or chemical mechanism, which is based on the fact of the largest enhancement in the 
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first layer and was connected by authors with the direct contact of the molecules with the 
surface. Now it is seen, that this effect has a pure electrodynamical nature and is associated 
with very strong change of the electric field and its derivatives with the distance from the top 
of the cone in our model of the roughness. In more realistic models of the roughness, when 
we have a truncated cone and the top of the cone has a finite curvature, this change is less, 
however in any case the large decrease preserves. 
 In accordance with the above estimations one can introduce a conception of main and 
minor moments. The main dipole and quadrupole moments are those, which are responsible 
for the strong enhancement. This classification essentially depends on orientation of the 
molecules near rough surface. Further we shall consider the pyrazine and phenazine 
molecules. Let us designate the coordinate system, which is associated with the molecules as 
)z,y,x(  and the one with the surface as )z,y,x( ''' . We consider that the plane of the 
molecules coincide with the XZ  plane and the z  axis passes through nitrogen atoms. The 'z  
axis is perpendicular to the surface. Usually the experiments are performed on molecules in 
solutions and the substrate is under some negative applied potential. The molecules in the first 
layer can bind with the surface via the nitrogen lone pair having the end on orientation. Other 
molecules are in the solution and can have an arbitrary orientation. The number of molecules, 
which are bound with the surface apparently is large, because of the binding, which prevents 
their movement and arbitrary orientation in the solution. The negative potential prevents the 
binding. Therefore the number of the bound molecules apparently depends on the potential. 
The number of arbitrary oriented molecules strongly depends on their concentration in the 
solution. Apparently their number situated directly at the surface decreases with the increasing 
of the negative potential, because the binding becomes less energetically favorable and more 
molecules at the surface become free. Because of existence of molecules which are oriented 
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arbitrary with respect to the surface and hence to the enhanced 'zE  component of the electric 
field all the αd  and ααQ  quadrupole moments are essential for the scattering and are the 
main ones. As it is well demonstrated in [1], the other yzxzxy Q,Q,Q  quadrupole moments are 
not essential, because of their changeable sign and we name them as minor moments. In order 
to receive an idea about the role of the dipole and quadrupole interactions in SERS and 
SEHRS it is reasonable to consider the SER and SEHR spectra of some symmetrical 
molecules, that can give precise information about allowed and forbidden bands. The 
symmetry group of the pyrazine and phenazine molecules, considered here is hD2  and all the 
dipole and quadrupole moments transform after irreducible representations of the symmetry 
group. Precise expression for the SER cross-section for these molecules, which can be 
obtained in the frame of adiabatic perturbation theory [7, 8] by the method of time dependent 
perturbation theory is contained in [1] and in Appendix and has the form. 
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Here it is taken into account, that all the states are non degenerated in the hD2  symmetry 
group and the vibrational states can be classified only by one index s . All designations are 
explained in Appendix. As it is seen from (11) the scattering contributions ji ff,sS − obey 
selection rules ([1] and (A-38)) 
ji ffs ΓΓ∈Γ .                                                                                                                        (12) 
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The sign Γ  designates the irreducible representations of the s  vibration and of the if  and jf  
moments. Further we shall designate the scattering contributions for SERS simply as 
)ff( ji − .  In accordance with our estimations of the role of the dipole and quadrupole 
interactions in SERS and SEHRS (6,7,9,10) the above contributions can be classified after 
enhancement degree. The sequence below reflects the decrease in the degree of the 
enhancement for the SER scattering contributions. 
1. the strongest, essential )QQ( mainmain −  scattering type; 
2. essential )Qd( mainmain −  and )dQ( mainmain −  scattering types; 
3. essential )dd( mainmain − scattering types. 
The contributions of the first type must be strongly enhanced, while the contributions of the 
second and the third types are also enhanced, but apparently to a lesser extent. The following 
contributions will be enhanced significantly lesser in case of the vertical and horizontal 
orientation of the molecules. Here they are written out in accordance with the enhancement 
degree. 
4. )Qd( mainormin − and )dQ( orminmain −  scattering types; 
5. )QQ( mainormin −  and )QQ( orminmain −  scattering types; 
6. )dd( mainormin − and )dd( orminmain −  scattering types; 
7. )dQ( mainormin −  and )Qd( orminmain −  scattering types.  
Here ormind  are the dipole moments, which are oriented parallel to the tangential 
components of the electric field 'xE  and 'yE . The other )dQ(),Qd(),dd( −−−  and 
)QQ( −  contributions, in which both the dipole and quadrupole moments are of the minor 
type, are apparently small. Therefore we name them as inessential parts in SERS. One should 
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note, that the scattering contributions can differ one from another very strongly. Therefore the 
intensity of the Raman bands can be determined mainly by the strongest contributions, while 
all others contribute insignificantly.  
 Since the mainQ  moments transform after the unit irreducible representation, the most 
enhanced bands in SERS are those transforming after the unit irreducible representation gA  
too, in accordance with the above classification and the selection rules (12). They are caused 
mainly by the )QQ( mainmain −  scattering contributions. In addition there must be strongly 
enhanced lines, caused by vibrations, transforming after the irreducible representations uB1  
uB2  and uB3  associated with the )dQ( mainmain −  types of the scattering, which are 
forbidden in usual Raman scattering for molecules with the hD2  group. One should note that 
the contributions of the )dd( mainmain −  scattering types contribute to the lines with the gA  
and ggg B,B,B 321  irreducible representations. Thus the lines with nearly all irreducible 
representations except uA  can appear in the SER spectra of the considered molecules. The 
SER spectra and assignment of the lines in pyrazine were described in various experiments 
[9-18]. Since the assignment depends on orientation of the pyrazine molecule with respect to 
the coordinate system, the same lines are assigned to various irreducible representations in [9-
18]. Besides the wavenumbers in these papers differ one from another because of various 
experimental conditions, which were used. However the uuu B,B,B 321  modes transfer one 
through another in various coordinate systems. The same can be said about the ggg B,B,B 321  
modes. 
 After analysis of the data of the SER spectra of pyrazine, published in [9-18] we can 
come to conclusion that the most enhanced bands are those caused by vibrations transforming 
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after the unit irreducible representation gA . There are both the uuu B,B,B 321  lines, which are 
forbidden in usual Raman spectrum of pyrazine and the ggg B,B,B 321  lines. The lines caused 
by the vibrations with uA  irreducible representation are absent. As a specific example let us 
consider the SER spectrum of pyrazine published in [17]. The SER spectrum of pyrazine is 
presented as an upper curve on Fig. 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4  The SER (a) and SEHR (b) spectra of pyrazine. 
 In accordance with the results of [17] the most enhanced bands are 636, 1021, 1245 
and 1594 1−cm  caused by vibrations transforming after the unit irreducible representation 
gA . Only one band of the uB2  type at 437 
1−cm  caused by the )dQ( ymain −  type of the 
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scattering of the horizontally and arbitrary oriented molecules manifests in this experiment. 
One should note that there are another lines of “u” type in another experiments [9-16, 18]. 
However the assignment of the same bands can differ one from another, because of the 
difference in orientation of the pyrazine molecule, which is used in these papers. In addition 
the bands at 743 and 1516 1−cm  of the gB3  and gB2  symmetry types caused by )dd( yz −  
and )dd( xz −  scattering contributions of arbitrary oriented molecules are also observed in 
[17]. The number of observed lines of the “g” types in experiments in [9-16, 18] is 
significantly more. Thus the pointed results are in a strict conformity with our theory.  
Further we shall interpret results on the SER spectra of phenazine. One should note 
that the SER spectra were obtained in [19-21]. The distinctive peculiarity of these spectra is 
observation of overtones and combination bands. Besides the authors mention formation of 
the protonated forms of phenazine, like PH  and 2PH  [21]. These forms manifest in the 
spectra by appearance of new lines. However one can convince that the lines of phenazine 
still remain, that points out its existence in the system and allows us to analyze its SER 
spectra. Separation of the lines, which refer to phenazine is possible due to their good 
assignment made in [22, 23]. Here we shall interpret the SER spectra of phenazine, obtained 
in [21] Fig. 5. In accordance with our theory the most enhanced bands are those which belong 
to the vibrations with gA  symmetry. They are the bands with the wavenumbers 1567, 1406, 
1282, 1170, 1021, 607, 413 1−cm . Here we point out the bands, which arise at 0 V potential 
of the substrate (The curve (a) on Fig. 5). The band with the wavenumber 1478 1−cm  can be 
assigned both to the gA  and uB1  irreducible representations. Here we take into account, that 
we used another coordinate system associated with the molecule compared with [22]. 
Therefore the irreducible representations, which describe the vibrational modes in [22] should  
 13 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5  The SER spectrum of phenazine at (a)  0 V, (b)  -0.2 V and (c) -0.4 V applied 
potentials. 
be replaced in the following manner )BB,BB,BB( uuuuuu 231231 →→→ . The above 
uncertainty arises from the close values of the wavenumbers, which are obtained and used in 
[22] for the assignment. The sufficiently strong intensity of this band can be caused by the 
strong )QQ( mainmain −  and )dd( ii − , )z,y,x(i =  contributions in case of belonging to the 
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gA  irreducible representation, or by the )dQ( zmain −  contributions of vertically or arbitrary 
oriented molecules in case of belonging to the uB1  irreducible representation that causes its 
strong enhancement also. The line 748 1−cm  of the uB2  type can be caused by the 
)dQ( ymain −  contributions of the horizontally or arbitrary oriented molecules. The line 1354 
1−cm  of the uB3  type can be caused by )dQ( xmain −  contributions of arbitrary oriented 
molecules. The line 1522 1−cm  of the gB2  type can be caused by )dd( zx −  contributions of 
arbitrary oriented molecules. Analogously we can identify the lines of phenazine at -0.2 V and 
-0.4 V applied potentials (curve (b) and (c) on Fig. 5), however the number of the lines on the 
curve (c) is significantly less than at another potentials. As it is mentioned above the most 
enhancement arises in the first layer of adsorbed molecules. Apparently the effect of the 
potential is associated with the fact that it prevents significantly penetration of the molecules 
in the first layer and their binding with the surface, where the strongest enhancement occurs. 
One should note, that there are some lines, which are shifted significantly with respect to the 
closest lines referred to some irreducible representations. They are the lines with 632 and 539 
1−cm .  We have some difficulties in assignment of these lines. Apparently they may refer to 
the protonated phenazine. However we have explained appearance and enhancement of 
another lines which belong to phenazine, that points out on the validity of our theory. 
Analogously to SERS, the SEHR cross-section has the form [24] 
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Here kji fff,sS −−  are the scattering contributions for SEHRS, which arise due to the 
scattering via if , jf  and kf  dipole and quadrupole moments analogously as in SERS. The 
scattering contributions obey selection rules [24] 
kji fffs ΓΓΓ∈Γ  .                                                                                                                 (14) 
The detailed derivation of (13, 14) and the form for the contributions one can find in [24]. 
Further we shall designate the scattering contributions for SEHRS simply as )fff( kji −− .  
In accordance with our estimations of the role of the dipole and quadrupole moments in SERS 
and SEHRS, the above contributions can be classified after enhancement degree. The 
sequence below reflects the decrease in the degree of the enhancement for the SEHR 
scattering contributions. 
1. )( mainmainmain QQQ −−  contributions, caused by three main quadrupole moments and 
their permutations which are most enhanced. 
2. )( mainmainmain dQQ −−  contributions, caused by two main quadrupole and one main 
dipole moments and their permutations, which are strongly enhanced too, but with a lesser 
extent, than the previous ones. 
3. )( mainmainmain ddQ −−  contributions, caused by one main quadrupole moment and by 
two main dipole moments and their permutations, which can be strongly enhanced, but with a 
lesser extent than the two previous ones. 
4. )( mainmainmain ddd −−  contributions, caused by three main dipole moments and their 
permutations, which can be strongly enhanced, but with a lesser extent that the three previous 
ones.  
Other contributions, which contain at least one minor dipole moment apparently are 
significantly smaller than the above previous ones, while the contributions, which contain 
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minor quadrupole and more minor dipole and quadrupole moments apparently are very small 
and can not be seen at all. Precise conclusion, concerning the values of these contributions is 
very difficult.     
Since the main quadrupole moments transform after the unit irreducible 
representation, sΓ  for the )( mainmainmain QQQ −−  types of the scattering is unitary also in 
accordance with the selection rules (14 ), that points out on the strong enhancement of the 
bands, caused by totally symmetric vibrations, transforming after the unit irreducible 
representation. These bands are forbidden in usual HRS for molecules with nhC  D  and 
higher symmetry groups. Thus the main feature of the SEHR spectra of symmetrical 
molecules with these groups is appearance of these strong forbidden bands.  
Analysis of experimental SEHR spectrum of pyrazine obtained in [17, 18] also 
confirms the dipole-quadrupole theory because it allows also to explain appearance of the 
strong forbidden bands with gA  symmetry. The SEHR spectra, obtained in [17, 18] slightly 
differ one from another because of some difference in experimental conditions. However the 
bands symmetry is well known that is sufficient for analysis of the SEHR spectra. Below we 
shall analyze the SEHR spectrum obtained in [17] (Fig. 4, lower curve (b)). In accordance 
with the selection rules (11) the lines caused by the vibrations with the following symmetry 
are observed in the SEHR spectrum: 
1. gA - (636, 1021, 1228, 1593 and 1624 1−cm ) caused mainly by )QQQ( mainmainmain −−  
and  )ddQ( iimain −− , )z,y,x(i =  scattering contributions of vertically, horizontally and 
arbitrary oriented molecules. These lines are forbidden in usual HRS and their appearance 
strongly proves our point of view.  
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2. uB1 - 1044 
1−cm  caused mainly by the )dQQ( zmainmain −−  and )ddd( zii −− , 
)z,y,x(i =  scattering contributions of vertically and arbitrary oriented pyrazine. Apparently 
the contributions )dQQ( zmainmain −−  and )ddd( zyy −−  of horizontally adsorbed 
pyrazine are small since they contain the zd  moment, which is associated with the non 
enhanced 'yE  tangential component of the electric field for this orientation. Thus the 
enhancement of the band with uB1  symmetry is caused mainly by the above contributions. 
3. 4362 −uB  and 796 
1−cm  caused mainly by the )dQQ( ymainmain −−  )ddd( yyy −−  
and )ddd( yii −−  )z,y,x(i =  scattering contributions of horizontally and arbitrary oriented 
molecules. The vertically adsorbed pyrazine apparently does not determine the intensity of the 
bands with uB2  symmetry, since the corresponding contributions include the non enhanced 
tangential 'yE  component of the electric field. Thus the enhancement of the bands with uB2  
symmetry is caused mainly by the above contributions of horizontally and arbitrary oriented 
molecules. 
4. uB3 - 1162 1−cm  caused mainly by the )dQQ( xmainmain −− and )ddd( xii −− , 
)z,y,x(i =  scattering contributions of arbitrary oriented pyrazine.  
5. The lines of the gB2  and gB3  symmetry (1516 and 742 1−cm  respectively) may be 
caused mainly by )ddQ( xzmain −−  and )ddQ( yzmain −−  of arbitrary oriented molecules. 
Apparently the vertically and horizontally oriented molecules do not determine the intensities 
of the bands with gB2  and gB3  symmetry because of the presence of the non enhanced 
tangential components of the electric field in corresponding contributions. 
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The absence of the lines of uA  and gB1  symmetry caused by )ddd( yxz −− .  
)ddQ( yxmain −−  and similar scattering contributions may be caused  by small 
enhancement of these lines in the spectrum due to the large number of the components of the 
electric field, which are not enhanced significantly, that determine not significant value of the 
enhancement of the above contributions. Thus appearance of all the lines in the SEHR 
spectrum of pyrazine can be successfully explained by our theory. Now let us explain the 
main features of the phenazine SEHR spectrum (Fig. 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6  The SEHR spectra of phenazine at  (a) 0 V and  (b)  – 0.2 V applied potentials. 
 
 The main feature of the phenazine SEHR spectra both for 0 V and - 0.2 V applied 
potentials is appearance of sufficiently strong bands with gA  symmetry which are forbidden 
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in usual HRS in accordance with our theoretical result. They are the bands with 416, 1015, 
1166, 1406 and 1560 1−cm . Here we write out the wavenumbers, which refer to the 0 V 
applied potential. The enhancement of these bands is caused by the )QQQ( mainmainmain −−  
types of the scatterings and by )ddQ( iimain −−  )z,y,x(i =  scattering types of all types of 
orientations of the molecules. The bands at 1277  1−cm  and 1475  1−cm  may refer both to 
the gA  and uB1  symmetry types, because of uncertainty of rigorous assignment of these 
bands associated with close values of the wavenumbers used for the assignment [22]. 
However, in both cases they can be explained by the )QQQ( mainmainmain −−  and 
)ddQ( iimain −−  z,y,xi =  scattering types for the gA  type of symmetry and by 
)dQQ( zmainmain −−  and )ddd( zii −−  z,y,xi =  scattering types of arbitrary oriented 
molecules for the uB1  type of symmetry. It should be noted that both types of the lines should 
be strongly enhanced and manifest in the SEHR spectrum of this molecule. The band at 754 
1−cm of uB2  symmetry type can be explained by the )dQQ( ymainmain −−  and 
)ddd( yii −−  z,y,xi =  scattering types of arbitrary oriented molecules. Thus existence of 
all the bands of phenazine observed in [21] can be explained by the dipole-quadrupole theory.  
One should note that investigation of practically all symmetrical molecules with nhC , 
D  and higher symmetry groups reveals existence of strong forbidden lines. Especially they 
are the lines caused by vibrations with uuu B,B,B 321  irreducible representations in case of 
SERS and by the vibrations with the unit irreducible representation gA  in case of SEHRS in 
pyrazine and phenazine, or in the molecules with the hD2  symmetry group. The last fact is 
very important, since it points out the validity of our theory. 
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APPENDIX  
THE EXPRESSIONS FOR THE SER CROSS-SECTION AND SELECTION RULES 
FOR CONTRIBUTIONS  
 Here we shall obtain an expression for the SER cross –section of symmetrical 
molecules with the dipole and quadrupole interactions taken into account, which is well 
applicable to the molecules with hD2  and another point symmetry groups with non 
degenerate electronic and vibrational states. It should be noted that it can be calculated using 
wave-functions of the time dependent Schrödinger equation. 
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∂
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−
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h                                                                      (A-1) 
 where 
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Here nenemol −H,H,H,H
))))
 are the Hamiltonians of the molecule, electrons (in the field of 
motionless nuclei), nuclei and electron-nuclei interactions. ir  is the radius vector of i  
electron, ikr  is the distance between i and k  electrons, 
o
iJR  is the radius vector between the 
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motionless J  nucleus and i  electron, iJR   is the radius vector between the J  nucleus and 
i  electron, JR  is the radius vector of the J  nucleus, JKR  is the radius vector between J 
and K nuclei, JM  is the mass of the J  nucleus, 
*
JZ  its atomic number. All other 
designations in ((A-1)-(A-5)) are conventional. The Hamiltonians of interaction of electrons 
with the incident and scattering fields incH re−
)
and scatH re−
)
 in (A-1) are the expression (2) in fact, 
where we substitute the electric field and the frequency ω  by the values, which refer to the  
incident and scattered fields respectively 
2
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 (It should be noted, that here and further we use for designation of components of vectors and 
tensors the indices kji ,, and γβα ,, , which mean the values zyx ,, . In addition the 
values γβα xxx ,,  designate the coordinates zyx ,, ). In the first stage it is necessary to 
obtain the molecular wave functions of the unperturbed Hamiltonian, which satisfy the 
equation  
Ψ=Ψ EH mol
)
                                                                                                                 (A-8) 
          This procedure is well described in [1, 2, 25] and we can write the following 
expressions for the full wave function of the ground state VnΨ and its vibrational part Vα . 
Taking into account the time dependence, we have 
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Here the full wave function is characterized by the electron wave number n  and by the set of 
the vibration wave numbers ...)V...V,V(V s21= , which consists of the wave numbers of 
separate vibrations sV . 
)0(
nΨ  and 
)0(
lΨ  are the solutions for the ground and excited states of 
the equation 
)0()0()0( EH Ψ=Ψe
)
                                                                                                      (A-11) 
)0(
nΕ  and 
)0(
lΕ  are their energies. sξ  is the normal coordinate of the s  vibration mode. 
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XR
H
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h
                                                                                (A-12) 
is the coefficient, which characterizes excitation of the )0(lΨ  wave function by the s  
vibrational mode from the ground state n  to the excited states l , sω  is a frequency of the s  
vibrational mode, αJsX   is an α  component of the displacement vector of the J  nucleus in 
the s  vibrational mode, αJX  is an α  component of the coordinate of the J nucleus. Here 
and further we mean, that the derivatives of the matrix elements of ne−H
)
 are taken  for 0αJX  
values which correspond to the equilibrium positions of nuclei. sN  and sVH  in (34a) are 
normalization constants and the Hermitian polynomials for separate vibrations. 
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)21(EE )0( ++= ∑ ss
s
nVn Vωh                                       (A-13) 
is the expression for the full energy of the state. The specific form for the time dependent 
perturbed wave function, which takes into account the interaction of light with the molecule 
(A-6), (A-7) can be obtained from the general expression for this function in accordance with 
[26]. 
∑ Ψ=Ψ
1
11
)()( )(),()1(
Vk
VkVnVkVn tat                                                                                   (A-14) 
 Here )()1( tVnΨ  is the time dependent perturbated wave function, 1VkΨ are the eigenfunctions 
of the unperturbed Hamiltonian. 1V  are sets of vibrational wave numbers of excited states. 
The cross-section of Raman scattering is expressed via the second terms of the expansions of 
the perturbation coefficients )()2( ),(),1,( ta VnVn ± , where the index 1±V  designates the change 
of one of vibrational numbers sV  on one  and refer to the Stokes and AntiStokes scattering 
respectively. Since the coefficients )()2( ),(),1,( ta VnVn ±  are very small, the full electron wave 
function is determined mainly by the wave function of the ground state. We neglect by the 
difference between the vibrational functions and vibrational frequencies of the ground and 
virtual electron states that strongly simplified our calculations. The wave functions of the 
virtual states can be easily determined by generalization of the procedure, used to obtain 
VnΨ  in [1, 2, 25] by changing of indices. If we use the above mentioned concept concerning 
the vibrational states and frequencies the virtual wave functions Vm,Ψ  have the form  
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similarly to nlsR (A-12). The cross-section of Raman scattering is expressed in terms of the 
expression   
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Taking into account the expressions for the Hamiltonians of interaction of light with electrons 
(A-6),(A-7) and  expressions (A-9),(A-15) for the wave functions of the ground and excited 
states one can obtain the following expression for the Raman cross-section in a free space 
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Here 
h
)0()0( EE nm
mn
−
=ω                                                                                                     (A-20) 
The SER cross –section can be obtained from expression (A-18) with taking into account of 
the fact that the incident field affecting the molecule is the surface field. The same refers to 
the scattered field. Therefore one should multiply (A-18) by the expression 
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and take the surface fields as the incident and scattered fields under the sign of modulus in (A-
18). Finally the expression for the SER cross-section has the form 
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Here the signs surf  and vol  designate the values of the cross-sections and electromagnetic 
fields at the surface and in the volume. It should be noted, that surfincE )(  is the surface 
field generated by the field volincE )(  incident on the surface, while surfscatE )(  is the 
surface field generated by the field  volscatE )(  incident on the surface from the direction for 
which the direction of the wave reflected from the surface coincides with the direction of the 
scattering. Let us introduce the scattering tensor ],[
, jiV ffC s , which has a form 
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where under if  and jf  we mean the dipole and quadrupole moments. Using the obvious 
property 
=+ )](,[ 21),( kjiV fafafC ps [ ]jiV ffCa ps ,),(1 + ],[),(2 kiV ffCa ps  
=+ ]),[( 21),( kjiV ffafaC ps +],[),(1 kiV ffCa ps [ ]kjV ffCa ps ,),(2                               (A-24) 
the expression for 
sVA can be presented as a sum of several contributions 
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The expression for ∑
−
ji
jif,f
ff,sS  consists from various contributions of )dd( −  scattering 
type 
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of )Qd( −  scattering type 
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of )dQ( −  scattering type 
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and of the )QQ( −  scattering type 
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The scattering contributions ji ff,sS − obey selection rules which can be obtained from the 
expression for the scattering tensor (A-23), when the condition 
[ ] 0,
),(
≠jiV ffC ps                                                                                                         (A-30) 
is fulfilled. Let us first consider the first term of (A-23) under condition, that 
0≠lfmmfnR jinls  .                                                                                       (A-31) 
This  expression is valid, when 
0≠nlsR  ,                                                                                                                         (A-32) 
0≠mfn i   ,                                                                                                                 (A-33) 
0≠lfm j                                                                                                                    (A-34) 
satisfy simultaneously. It can be demonstrated [1], that the expression (A-32) is valid, when  
nsl ΓΓ∈Γ   ,                                                                                                                      (A-35) 
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where the sign Γ  designates the irreducible representations of the s  vibration and of the n  
and l  electronic states. Thus this expression determines the irreducible representation of the 
l  excited state, caused by the s  vibration. In accordance with general principles of the group 
theory [27] the expressions (A-33) and (A-34) are valid under conditions, that 
lfm j ΓΓ∈Γ  ,                                                                                                                 (A-36)   
mfn i ΓΓ∈Γ .                                                                                                                  (A-37) 
Using the expressions ((A-35)-(A-37)) one can obtain the final expression 
ji ffs ΓΓ∈Γ ,                                                                                                                  (A-38) 
Analysis of other lines in (A-23) results in the same expression (A-38). Thus (A-38) is valid 
for the whole tensor and determines the selection rules for the contributions with if  and jf  
dipole and quadrupole moments. 
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